Aerosol mapping was used to assess particle number and mass concentration in an engine machining and assembly facility in the winter and spring. Number and mass concentration maps were constructed from data collected with two mobile sampling carts, each equipped with a condensation particle counter (10 nm < diameter < 1 µm) and an optical particle counter (300 nm < diameter < 20 µm). Number concentrations inside the facility ranged from 15 to 150 times greater than that outside the facility and were highly dependent on season. The greatest number concentration (> 1,000,000 particles cm -3 ) occurred in winter in an area where mass concentration was low (< 0.10 mg m -3 ).
Introduction
Over the past ten years, efforts to assess and control airborne metalworking fluid mist have generally reduced airborne mass concentrations in machining facilities (Leith, Raynor et al. 1996 ; Thornburg and Leith 2000; Yacher, Heitbrink et al. 2000; Gauthier 2003; Stear 2003) . However, the machining of metals remains a potentially hazardous occupation. Workers involved in the machining of components for vehicles, for example, have a six-fold greater incidence of occupational illness than the average American worker (BLS 2004 ).
Recent epidemiological and toxicological studies suggest that adverse pulmonary health outcomes are associated with freshly generated ultrafine particles (diameter < 100 nm) (Oberdörster 2001; Donaldson, Brown et al. 2002; Oberdörster, Sharp et al. 2002; Englert 2004; Gilmour, Ziesenis et al. 2004 ). For non-soluble particles, these outcomes have been shown to correlate more strongly with particle number (Oberdörster, Finkelstein et al. 1996; Peters, Wichmann et al. 1997) or surface area concentration (Donaldson, Stone et al. 2000) than with particle mass concentration. 'Hot' processes are known to generate ultrafine particles (Vincent and Clement 2000) , which in machining facilities range from welding (Ross, Teschke et al. 2004) , to heat treating (Portela, Lopez et al. 2001) , to high-speed machining (Thornburg and Leith 2000) . Because the mass of ultrafine particles is often negligible compared to the mass of fine and coarse particles (Maynard 2003) , reduction in mass concentration is not necessarily sufficient to protect the health of workers.
Little is known regarding the spatial and temporal variability of worker exposure to ultrafine particles, even though handheld portable instruments for measuring ultrafine particle concentrations have recently become available. These instruments include condensation particle counters that measure particle number concentration (Brouwer, Gijsbers et al. 2004 ) and diffusion chargers that measure particle surface area concentration (Mohr, Lehmann et al. 2005 ). While these instruments are both field-portable and rugged, provide visual output in near-real time and may be set up to log data in intervals as short as one second, a combination of cost and physical size currently restrict their use for personal sampling.
These instruments might be used, however, in conjunction with aerosol mapping techniques to improve our understanding of ultrafine particle sources and concentrations in the workplace. Aerosol mapping involves measuring particle concentrations throughout a facility and then relating these data through The objectives of this work were two fold: (1) to develop a method of mapping that uses real-time instruments to assess fine and ultrafine particle concentrations in an industrial facility; and (2) to use this method to compare particle number and mass concentrations in an engine machining and assembly facility. A companion manuscript will relate the number and mass concentrations presented here with data from a surface area monitor, an aerosol photometer, and regulatory filter-based samplers.
Methods

Engine Machining and Assembly Facility
As shown in Figure 1 , the engine machining and assembly facility that was the location of this study encompassed over 100,000 m 2 in three primary work areas: the cam-crank area; the block-head-rod area; and the assembly area.
Generally, these areas were open to each other without walls. The cam-crank area was heated by steam radiators, and the machining operations were ventilated with relatively old, loose-fitting enclosures. These enclosures had been retrofitted from previous use in the facility through cycles of renovation and replacement. In the block-head-rod and assembly areas, machining operations were ventilated with state-of-the-art exhaust enclosures that had been installed in 2001. However, heat in those areas was supplied by a pre-existing, direct-fire, natural gas heating system. The facility was producing approximately 1000 6-L, diesel engines per day during the period that measurements were conducted.
Sampling Equipment
Two mobile sampling carts were set up to measure particle concentrations in the workplace. Shown in Figure 2 , each cart held a condensation particle counter (CPC, Model 3007, TSI Inc., Shoreview, MN), an optical particle counter (OPC, PDM-1108, Grimm, Ainring, Germany), a diffusion charging-based surface area monitor (DC, DC2000-CE, EcoChem Analytics, League City, TX), and an aerosol photometer (DustTrak, Model 8520, TSI, Shoreview, MN). The CPC was used to measured particle number concentration integrated for particles that ranged 10 nm to 1 µm in diameter. Aerosol entering the CPC was diluted by a filter (6702-7500, Whatman Inc., Florham Park, NJ) with a hole (diameter = 0.040 cm) drilled into its end cap. Dilution was necessary to maintain the number concentration below the upper measuring limit (100,000 particle cm Output from the real-time particle instruments was collected with a software program written in Visual Basic (Microsoft Corp., Redmond, WA) that ran on a laptop computer. All equipment was powered with electricity from a deep-cycle marine battery that was passed through a power inverter. This manuscript presents data from the CPC and OPC only; data collected with the filter-based samplers, the aerosol photometer, and the DC will be presented in a companion publication.
Aerosol Mapping
Data Collection. Five data collection events were performed: four different days during one week in winter (December 2004); and one day in spring (March 2005) . A sampling grid -the locations within the facility where data collection was to occur -was established for each event from detailed floor plans to cover the major work areas in the facility. Most events were conducted using a coarse sampling grid with between 59 and 102 sampling locations each. One of the events in winter was conducted using a fine sampling grid, with 192 locations distributed throughout the facility. The maps constructed with fine-grid data were compared to those from coarse-grid data to assess the adequacy of the spatial resolution of data collection.
Prior to each event, all instruments were warmed up for a minimum of 30 minutes. The two carts were placed side-by-side and the output from like instruments was confirmed to be within 10% of each other. The dilution factor for the filter on the inlet of each CPC was then determined in an area where particle number concentration was less than 100,000 particle cm -3 . One-minuteaveraged particle number concentration was measured using the CPC with (W) and without (WO) the dilution filter present in the following pattern: WO-W-WO-W-WO-W. The dilution factor (DF) for each CPC was then estimated by dividing the arithmetic mean of the three number concentration measurements made without by that made with the dilution filter present. Dilution ratios were measured before and after each mapping exercise and varied less than 10%
over the course of the study.
Each cart was then independently moved to a location on the sampling grid and the following procedures were performed. The program on the laptop computer was prompted to collect data averaged over a period of one minute from each of the real-time instruments. The program then logged the oneminute-averaged data, the time, and the user-input position within the facility.
Position was determined using the numbers on the steel columns supporting the building structure, which were evenly spaced throughout the facility. The cart was then moved to the next location on the sampling grid, and the data collection procedure was repeated until data were collected at all locations of the sampling grid. Data collection for each mapping event took approximately two hours.
Map Construction. For each location, ultrafine number concentration (N) was estimated as:
where N CPC is the number concentration indicated by the CPC and N OPC,i is the number concentration indicated by the OPC for a given channel, i. The first channel of the OPC included particles larger than 300 nm, while the fifth channel included particles smaller than 1 um, which corresponds with the upper detection limit of the CPC. The OPC number concentration subtracted from the CPC data in Eq. 1 was on average less than 2% of N.
Respirable mass was estimated as:
where d CPC is the assumed midpoint diameter of the CPC data, ρ is the particle density, SR is a function for the fraction of respirable mass as described by Maynard and Jensen (2001) , d mid, i is the midpoint diameter of the OPC channel, i. The midpoint diameter of the CPC was assumed to be 150 nm for this work.
On average, the OPC accounted for greater than 97% of the mass concentration calculated using Eq. (2).
Mapping software (Surfer, Golden Software, Golden, CO) was used to construct number and mass concentration maps for each event. The software was used to first convert data into a uniform grid using a point, kriging method with a zero-order polynomial drift. Kriging is a geostatistical gridding method that produces regularly spaced data from irregularly spaced data. The software was then used to display the uniformly gridded data as number and mass concentration aerosol maps.
Supply Air Sampling
The supply air for the block-head-rod area was sampled during the spring study. As shown in Figure 3 , a sampling cart was placed in one of six airhandling units, each of which supplied 24 m 3 min -1 (50,000 cfm) of conditioned air to this area. Dampers were adjusted to alter the ratio of air brought in from outdoors to that recirculated from the facility. An eight-foot, horizontal bank of natural-gas burners heated the air. The tempered air with the exhaust gasses from the burners passed through ducts to supply grilles located on the ceiling of the block-head-rod area. The other cart was positioned on the facility floor directly under a grille that supplied air from that air-handling unit.
The software program on each sampling cart was configured to collect data from the real-time instruments in six-second intervals, average these data over one minute, and store the averaged data. Data were collected with the airhandling unit at 100% outdoor air and at 20% outdoor air, and with the burners on and off. Number and mass concentration were then estimated for each condition using Eq. 1 and Eq. 2, respectively.
Statistical Analysis
For aerosol mapping, the overall geometric mean (GM) and geometric standard deviation (GSD) of number and mass concentration for each area and each season were calculated. For data collected in winter, the GM number and mass concentrations were calculated by area and by event. One-way ANOVA was performed test the hypothesis that the GM number concentration was statistically different between areas. Similar analysis was performed for GM mass concentration. For supply air sampling, GM and GSD of number and mass concentration were calculated for data grouped by burner status and percentage outdoor air. T-tests were conducted to compare GM values. All statistics were carried out with statistical software (Release 14.1, Minitab, State College, PA). Table 1 Winter. The number concentration maps from winter ( Figure 4) show similar visual patterns, appearing fairly homogeneous within the block-head-rod and cam-crank areas. However, the number concentration within the block-head-rod area (GM = 831,000 particle cm -3 ) was substantially and statistically greater than the cam-crank area (GM = 318,000 particle cm -3 , p < 0.001). In the assembly area, number concentration ranged from 1,000,000 particle cm -3 in the region adjacent to the block-head-rod area to less than 400,000 particle cm -3 near the outer walls of the facility. ANOVA analysis confirmed that variability in number concentration between areas was statistically greater than that within areas (F = 21.7; p < 0.001).
Results
Aerosol Mapping
The mass concentration from winter ( Figure 5 ) exhibited more differences between maps than did number concentration (Figure 4 ). These differences were most evident in the cam-crank area, where mass concentration (Table 1 , GM = 0.323 mg m -3 ) and variability (GSD = 2.4) were greatest. This variability can be seen in Figure 5 , where the mass concentration in the cam-crank area was less than 0.6 mg m -3 during the first two winter events ( Figure 5A and Figure   5B ) but exceeded 1.0 mg m -3 during the second two winter events ( Figure 5C and Figure 5D ). Compared to the cam-crank area (GM = 0.323 mg m -3 ), mass concentration was statistically and substantially less in the block-head-rod (GM = 0.061 mg m -3 ; p < 0.001) and assembly areas (GM = 0.024 mg m -3 ; p < 0.001).
ANOVA results confirmed that the GMs of mass concentration between areas were statistically different (F = 53.2; p < 0.001).
Spring. The number concentration map from the spring ( Figure 6A ) was strikingly different from those of the winter ( Figure 4A-D) . Most notably, the block-head-rod area's GM number concentration in spring (Table 1 ; GM = 172,000 particle cm -3 ) was 4.8 times less than in winter (GM = 831,000 particle cm -3 ; p < 0.001). However, the cam-crank area's number concentration in spring (GM = 290,000 particle cm -3 ) was statistically no different from winter (GM = 318,000 particle cm -3 ; p < 0.19).
The mass concentration map from the spring ( Figure 6B ) was similar to that observed in winter ( Figure 5A-D) , depicting elevated concentrations in the camcrank area compared to the block-head-rod and assembly areas. The GM mass concentration in spring was not different from winter in the cam-crank area (p = 0.60) or in the assembly area (p = 0.053). However, in the block-head-rod area, the GM mass concentration in the spring was significantly greater than that in the winter (p = 0.004). Table 2 summarizes the number and mass concentrations measured inside the air-handling unit. The number concentration measured in the air-handling unit was substantially greater than that outside of the facility: 21 to 178 times greater for number concentration; and 3.8 to 6.7 times greater for mass concentration. For a given percentage of outdoor air (e.g., 20% outdoor air), the GM number concentration was substantially and statistically greater with the burner on (GM = 1,490,000 particle cm -3 ) than with the burner off (GM = 184,000 particle cm -3 ; p < 0.001). In contrast, GM mass concentration was only modestly increased when the burners were turned on. Number concentration in the supply air rose dramatically and immediately when the direct-fire, natural-gas burners were turned on. The number concentration on the facility floor also increased when the burners were turned on, but this increase occurred about 5 minutes after firing of the burners.
Supply Air Sampling
Discussion
Ultrafine particles were found to be prevalent throughout the machining facility. Even in the assembly area where number concentrations were lowest, ultrafine particles were on average 15 times greater inside the facility than outside, regardless of the season. The similarity of the number concentration maps in winter ( Figure 4A -D) suggests that ultrafine particle concentrations may persist at elevated concentrations over time. Moreover, the relative homogeneity of number concentration within each work area suggests that ultrafine particles are easily transported by air currents from their source.
The majority of ultrafine particles in the block-head-rod area in winter may be attributed to the direct-fire heaters based on the following observations. First, number concentration in that area was dramatically lower in spring, when heaters were off and outside doors were open. Second, the number concentration in the supply air for that area increased nearly 1000% when the direct-fire, natural-gas burners were turned on compared to when they were off. Moreover, this finding is consistent with others who have identified natural-gas burners in stoves as a substantial source of ultrafine particles in residential homes (Dennekamp, Howarth et al. 2001; Wallace, Emmerich et al. 2004; Afshari, Matson et al. 2005 ).
However, ultrafine number concentrations were low in the assembly area even though gas burners were utilized for heating there. This observation is unaccounted for but may be related to differences in burner technology or air flow patterns between the two areas. It should also be noted that when the damper was set to 100% outdoor air and the burners were off both number and mass concentration in the air exiting the air-handling unit were substantially greater than that measured with the samplers outside of the facility (Table 2) . Again this observation is unaccounted for but may be due to ineffective damper control, the presence of an additional sources, or inadvertent recirculation. These observations warrant further investigation.
In the cam-crank area, processes such as high-speed machining and heattreating operations, rather than the heating system, may produce substantial quantities of ultrafine particles. In both winter and spring, number concentration was moderate in that area, where steam was used for heat. Metalworking fluid mist in machining operations is formed by three mechanisms: evaporationcondensation, centrifugal force, and impaction (Thornburg and Leith 2000) .
While centrifugal force and impaction primarily form larger drops (> 1 µm), condensation of metalworking fluid previously evaporated from contact with hot metal parts produces large quantities of submicron mist. Although Thornburg and Leith's work was limited to particles larger than 500 nm, it is possible that ultrafine mist is generated via this mechanism. In the cam-crank area, where enclosures fit poorly, the ultrafine mist may have escaped as fugitive emissions.
This source of ultrafine particles may have been less evident in the block-headrod area because the state-of-the-art enclosures in that area were more effective at eliminating fugitive emissions.
Mass concentration provided little or no indication of ultrafine number concentration in the block-head-rod area. Mass concentration was slightly greater when number concentration was substantially less in the spring compared to the winter. This observation is probably due to the independence of the source that dominated number concentration, ultrafine particles from natural gas burners, and the source that dominated mass concentration, fugitive mist from machining operations. Even in the winter when number concentration was greatest, the block-head-rod area appeared very clean, except for the black deposits on the surface of poles and supply-air grilles onto which the supply air impinged.
Mass and number concentration were more closely linked in the cam-crank area, probably because metalworking operations were the source for both ultrafine and larger particles. Although separate mechanisms of mist formation may have been at work (vapor condensation for ultrafine and mechanical fluid break-up for larger particles) both are linked to process parameters and effectiveness of controls such as ventilation and enclosure. In contrast to the block-head-rod area, mist was visible in the cam-crank area.
The spatial resolution of data collection from the coarse sampling grid was adequate for number but not for mass concentration. The number concentration map constructed from fine-grid data ( Figure 4D ) provided only a little more information than those constructed from coarse-grid data ( Figure 4A-C) . In contrast, the mass concentration map constructed from the fine-grid data ( Figure   5D ) provided important information that may have been missed with a coarser sampling grid ( Figure 5A -C). It should be noted that this observation may not be true of other facilities where particle generation may be less steady-state.
Day-to-day temporal variability of particle concentrations was greater for larger particles (> 1 µm) than for ultrafine particles. Whereas number concentration maps (Figure 4) showed little variability between days, mass concentration maps ( Figure 5 ) showed more variability, especially in the cam-crank area where mass concentrations were greatest. These observations suggest that the ultrafine particles that dominate number concentration transport readily with air currents, whereas the larger particles that dominate mass concentration are more localized to areas near where they are generated. They also suggest that, although the data used to construct number concentration maps were area measurements rather than personal measurements, they provide a general indication of worker inhalation exposure to ultrafine particles in this facility.
The ultrafine number concentrations observed in this work are likely to be representative of other machining and assembly centers. Direct-fire, natural-gas burners are commonly used as an economical heat source throughout industry.
Moreover, the enclosures used to control metalworking fluid mist are similar to those used in other facilities. However, the risk associated with inhalation of these ultrafine particles is unclear and warrants further investigation. Although approximately 75% of particles sized 10 nm to 100 nm will deposit within the respiratory tract (Chalupa, Morrow et al. 2004) , the biological response is likely to be substantially different for particles resulting from natural-gas combustion and metalworking operations.
If a decision is made to reduce ultrafine particle concentrations in this facility, an alternative means of heating that does not incorporate natural-gas exhaust into supply air would likely eliminate most ultrafine particles from the block-headrod area. Although heat transfer is not as efficient as direct-fire heating, a heat exchanger could be used to transfer heat from the natural-gas burners without contaminating the supply air. More tightly fitting enclosures would probably be effective at controlling the ultrafine particles generated by metalworking operations in the cam-crank area.
Conclusions
Aerosol mapping represents a way for the occupational hygienist to use current technology to assess fine and ultrafine particle concentrations in the workplace. With this technique, a general sense of the temporal and spatial variability of particles in an occupational setting may be obtained. It also enables the assessment of multiple metrics at one time (i.e., number, surface area, or mass concentration).
In the current work, aerosol mapping was performed in an engine machining and assembly facility. Number and mass concentration maps were constructed with data from condensation particle counters and optical particle counters. Little temporal variability was observed in multiple number concentration maps from a period of one week in winter, suggesting relatively steady-state conditions for generation and fate of ultrafine particles. In contrast, spatial variability was great, with number concentration relatively homogeneous within but very different between a priori defined areas of the facility. This spatial variability was attributed to the existence of multiple sources of ultrafine particles. The greatest number concentrations (> 1,000,000 particle cm -3 ) were from direct-fire, natural gas burners that heated the supply air, while more moderate concentrations (250,000 to 750,000 particle cm -3 ) were possibly due to mist from metalworking operations.
Mass concentration was not a good indicator of number concentration. Mass concentration was low (< 0.2 mg m -3 ) where direct-fire heaters produced the greatest number concentration (> 1,000,000 particle cm -3 ). Consequently, to the extent that health effects are related to ultrafine number exposures current massbased regulations may not be sufficient to protect workers in these areas. Figure 1 . Facility layout of the engine machining and assembly facility. 
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